Quantitative analyses of the crystalline composition of rust that formed on automobiles under service conditions was carried out to investigate the corrosion mechanism of zinc-coated steel panels. The composition of the rust was quantitatively analyzed by X-ray diffraction using the internal-standard technique. The rust compositions in the crevice and on the surface of the outer panels were located within each characteristic region in the a-FeOOH/(g-FeOOHϩFe 3 O 4 )/remainder ternary diagram that we proposed in the present study. The rust in crevices contained more (g-FeOOHϩFe 3 O 4 ) than that on the surface. The largest amount of amorphous iron rust formed in the crevices of galvanized steel panels under zinc corrosion products during the initial stage of steel corrosion. Crystalline b-FeOOH then appeared until the amount reached a maximum content of 13 %. The composition of iron rust on zinc-coated steel sheets progresses towards that of the ungalvanized regions. It was found that the production of crystalline iron rust was retarded when zinc corrosion product formed in the crevice of lapped areas.
Introduction
Corrosion has long been recognized as one of the most important degradation processes that limits the life of automotive components in North America and Northern Europe, where de-icing salt is dispersed on the highways in winter. Auto manufacturers are making a great effort to prevent these types of corrosion by using coated steel sheets, improving chemical conversion and electro-deposited coatings, and changing press designs. 1) Steel makers have developed coated steel sheets such as galvanized steel sheets for automobile bodies. The corrosion of vehicles can be classified into two types: perforation and cosmetic corrosion. Perforation occurs in crevices from overlapped steel sheets used for automobile bodies. One reason perforation occurs is that the throwing power of the conversion coating and electro-deposited painting systems is not sufficient to coat such areas. In addition, corrosive species such as chlorides tend to accumulate in these areas. Cosmetic corrosion including blistering and scabbing, occurs on the outside surfaces, where the paint film tends to be damaged. Recently, the effect of chemical conversion coating and electro-deposition coating on automobile corrosion was evaluated based on observations of corrosion of automobiles in service. 2, 3) An attempt was made to analyze the composition of iron rust on automobiles in environments including salt, 4) based on the possibility that the composition of iron rust depends on the conditions of the environment.
5) It was concluded that the crevice areas on automobiles are surrounded by a corrosive environment with a low pH and concentrated Cl Ϫ . However, corrosion in the crevice at the overlap of panels has not been characterized compared to cosmetic corrosion at the outside surface of outer panels, and the effect of zinc coatings on corrosion of their substrate has not been determined.
In this study, automobiles that were used in North America, where large quantities of de-icing salt are dispersed on the road in the winter and hence high resistance protection is applied to bodies, were collected to investigate the rust composition of steel sheets and zinc coated steel sheets of the automobile bodies. The characteristics of the corrosion in crevices at the overlap of panels were compared to those of cosmetic corrosion on the outside surface of outer panels, and correlation between the practical environments and the accelerated corrosion tests is presented. Laboratory corrosion tests that simulate corrosion in the overlapped portion under zinc corrosion products were also performed. The corrosion mechanism in the overlapped portion of the automobile will be discussed. Five passenger automobiles were used in the present investigation, as shown in Table 1 . Three automobiles (A, B and C) were 1980 models, and two (D and E) were 1986 models. The cars were used in Detroit and obtained in 1991. Zinc-rich primer coated steel sheets and galvanized steel sheets were used in some parts of the body panels of automobiles B, C, D and E. The acronyms CRS, EG, GI and ZCM in Table 1 represent cold rolled steel sheet, electro-galvanized steel sheet, hot dip galvanized steel sheet and zinc-rich primer coated steel sheet, respectively.
The Collection of Corrosion Product
For analysis, the rust was collected from the outer layers by a knife and from the inner layers by a wire brush. The rust in the crevice of overlapped panels was removed from the substrate immediately after the overlapped panels were opened. The outside rust that formed outside of the outer panels was obtained from scab corrosion. All of the samples were kept in a desiccator immediately after collection. Rust that formed in the accelerated corrosion tests was collected in the above manner.
Analysis of the Rust Composition
A quantitative analysis using X-rays with the internalstandard technique was carried out to obtain the composition of corrosion products, e.g., a-FeOOH, b-FeOOH, gFeOOH and Fe 3 O 4 . An X-ray diffraction pattern was obtained using Cr-Ka radiation operated at 40 kV and 250 mA. CaF 2 was mixed with the rust as the internal standard substance. The amorphous content was obtained as the remainder of the crystalline content from 100 mass%.
Laboratory Simulation Tests
Flat steel panels were used in the cyclic corrosion tests to investigate changes in the rust composition of zinc-coated steel sheet, as shown in Fig. 1 . The flat panels were made of cold rolled steel sheet with electrodeposited paint (24-30 mm thick) for automobile bodies except for the center portion (40 mmϫ90 mm). Salt spray tests were performed at 35°C in accordance with ASTM B117 and cyclic corrosion tests were carried out in the following manner: (i) salt spray in accordance with ASTM B117 for two hours, (ii) dry for four hours at 60°C, (iii) humidity for two hours at 50°C . Figure 2 shows a schematic of the overlapped panels used for obtaining the effect of zinc corrosion product on the corrosion of steel in the overlapped panels. The overlapped panels were made from two different plates. One was a cold rolled steel sheet; the other was acryl plate. The cold rolled steel sheet was sealed with the corrosion-protected film except at the central (30 mmϫ80 mm) portion. Spacers were placed between the two plates to provide surfaces that were facing each other with about 80 mm clearance. Powders consisting of a-FeOOH, b-FeOOH, gFeOOH, Fe 3 O 4 , ZnO, ZnCl 2 · 4Zn(OH) 2 , and their mixed powders were packed in between the overlapped portions. The amount of powder was 0.3 g. The wet and dry cycle was repeated daily in the following manner. The overlapped specimen was immersed vertically in 5 mass% NaCl solution for one hour at room temperature, placed horizontally in air maintained at 20-23°C, and then held at 18-22 % RH for 23 hr. Iron rust that formed in the overlapped portion was collected and quantitatively analyzed. The mass loss of the cold rolled steel sheets was also measured after removing the iron and zinc corrosion products in the overlapped portion. Figure 3 shows the X-ray diffraction pattern of the iron rust from automobile A. Diffraction peaks for a-FeOOH, b-FeOOH, g-FeOOH and Fe 3 O 4 were detected, and no other crystal product was observed. Table 2 shows the iron rust composition of automobile A, B, C, D and E, where all panels consisted of ungalvanized steel. Automobiles with 11 years of exposure had rust that consisted of 26-71 mass% amorphous, 20-52 mass% a-FeOOH, and 2-17 mass% g-FeOOH and 3-39 mass% Fe 3 O 4 . In each part the rust contained only a small amount (Ͻ4 mass%) of b- Table 1 . Materials of automobiles used in the present study. FeOOH. It was also found that the rust in the crevices of the overlapped steel panels contained more Fe 3 O 4 than that of the outside outer panels. In the portion of overlapped panels that were zinc-coated, a large portion of the iron rust was amorphous, ranging from 43 mass% to 84 mass%, as shown in Table 3 . The amount of b-FeOOH was large, reaching a maximum of 13 mass%. Only a little corrosion product was collected in the hem of doors with ungalvanized steel. The rust compositions were similar to those obtained in the 11 year-old automobiles inside the ungalvanized, overlapped panels. Table 4 shows the iron rust composition outside of the flat panels exposed to accelerated corrosion testing. The contents of g-FeOOH and Fe 3 O 4 that formed in salt spray testing was larger than those that formed in the cyclic corrosion testing.
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Zinc Corrosion Product Figure 4 shows the mass loss of cold rolled steel sheets in the crevice of the lapped portion, where a-FeOOH, b- Table 2 . Analytical results of the rust compositions of ungalvanized steel panels on automobiles A, B, C, D, and E. Table 3 . Analytical results of the rust compositions on the galvanized steel panels of automobiles B, C and D. 2 and the mixed powder inhibited corrosion of steel in the crevice of lapped panels. Table 5 shows the iron rust compositions that formed in the crevice of cold rolled steel plates, where ZnO, ZnCl 2 · 4Zn(OH) 2 and their mixed powders were packed with iron rust, after 20 cycles of the laboratory corrosion test. Crystalline iron rust was produced in the overlapped portion where no zinc corrosion product powders were contained. On the other hand, all of the rust was amorphous when zinc corrosion product was packed in the overlapped portion. 6) proposed that the anodic dissolution of steel accompanying reduction of the rust layer (oxyhydroxide to magnetite) during wet periods is followed by the re-oxidation of the magnetite to oxyhydroxide by oxygen in the dry periods 7) in the following manner: Many studies have been carried out on the reduction-oxidation processes of steel rust. Keiser 8) noted that only aFeOOH of the four FeOOH polymorphs (a, g, d and amorphous) was resistant to the reduction reaction. The aFeOOH structure is the final corrosion product with respect to the oxyhydroxides. 4, 9) On the other hand, g-FeOOH tends to be reduced to magnetite. 8, 10) The b-FeOOH polymorph formed in Cl containing environments, 4, 11) but was negligible in the rust of ungalvanized steel from automobiles in service. In view of these facts, the rust polymorphs were divided into three groups; a-FeOOH, g-FeOOHϩFe 3 O 4 and the remainder (amorphousϩb-FeOOH). These were plotted on a ternary diagram for these three groups. Figure 5 shows a ternary diagram for the rust on automobile A (1980 model) and that in the crevices of ungalvanized panels used in automobiles B and C (1980 model). It was found that the rust compositions from crevices in the overlapped steel panels was located within a different region of the ternary diagram from that from the outside surfaces. The crevice rust contained more (g-FeOOHϩFe 3 O 4 ) than the surface rust. Figure 6 shows the ternary diagram of the rust that formed in the accelerated corrosion tests. The high (g-FeOOHϩFe 3 O 4 ) content in the crevice rust may be caused by the high wetness in the crevice. Figure 7 shows the ternary diagram for the rust from crevices of galvanized panels used in automobiles B, C (1980 models) and D (1986 model). Zinc coating enhanced the formation of the amorphous state during the initial corrosion stage, and then crystalline b-FeOOH typically appeared. The composition of the iron rust of zinc-coated steel sheets progresses towards the regions of the ungalvanized parts. It was found that the production of crystalline iron rust was retarded when zinc corrosion products formed in the crevice of overlapped areas, as shown in Fig. 4 , and all of that rust was amorphous. The results indicated that the zinc corrosion product (ZnO or ZnCl 2 · 4Zn(OH) 2 ) re- tards the oxidation and reduction reactions of iron rust as shown in formula (2) and (3). As a result, the zinc corrosion product inhibits corrosion. 
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Conclusion
The following conclusions can be drawn from the results obtained. i) X-ray diffraction with the internal-standard technique was useful for the quantitative analysis of rust on automobiles. ii) A ternary diagram for a-FeOOH, (g-FeOOHϩFe 3 O 4 ), and the remainder was developed to characterize the reduction-oxidation processes of rust. iii) The composition of rust from crevices in overlapped steel panels and from the outside of outer steel panels were localized in characteristic regions within the ternary diagram. The rust from crevices contained more g-FeOOHϩFe 3 O 4 than that from the surface. iv) b-FeOOH appeared characteristically at locations where the steel was zinc coated. The final composition of corrosion product was located in the steel sheet region. v) Zinc corrosion products inhibited the corrosion of steel in the overlapped portion, resulting in the iron rust being 100% amorphous. The zinc corrosion products probably inhibit the oxidation-reduction reaction of the rust.
